Amblyopia is a neuro-developmental disorder characterised by several functional impairments in spatial vision even with the best optical correction. There is evidence that extensive perceptual training can improve visual acuity (VA) and contrast sensitivity (CS) in adults with amblyopia. In the present study, we assessed the efficacy of a recently developed neuro-modulatory technique (i.e., high-frequency transcranial random noise stimulation; hf-tRNS) combined with a short perceptual training in adults with amblyopia. One group of ten participants underwent a short (8 sessions) monocular training in a contrast detection task with concurrent hf-tRNS, whereas another group of ten participants underwent the same training protocol but with Sham stimulation (control group). The training consisted of a two-interval forced choice (2IFC) contrast detection task in which participants had to detect the presence of a central Gabor patch flanked by two high-contrast collinear Gabors (lateral masking). The results showed a significant and similar improvement of CS for both groups, suggesting that hftRNS is not crucial for the improvement of CS. However, for VA, a significant improvement was only observed in the hf-tRNS group with a mean VA improvement of 0.19 LogMAR in the amblyopic eye. Most notably, this improvement was achieved after eight training sessions. The results are discussed in terms of the influence of hftRNS on short-term neural plasticity.
Introduction
Amblyopia is a developmental disorder of spatial vision, it describes a condition in which there is reduced visual functions in one, or (more infrequently) both eye(s), despite optimum optical correction and the absence of overt pathology of the visual system (Ciuffreda et al., 1991) . Amblyopia is clinically relevant because, aside from refractive defects, is the most frequent cause of vision loss in children and it occurs in about 2-4% of the population; it reflects the neural impairment which can occur when normal visual development is disrupted (Levi and Li, 2009) . The most common aetiologies of amblyopia are untreated strabismus, which consists of a misalignment of the eyes, anisometropia, which is an unequal refractive error between the two eyes, or both strabismus and anisometropia (Giaschi et al., 2015) .
Spatial vision abnormalities in amblyopia include reductions in visual acuity (VA), contrast sensitivity function (CSF) (Hess and Howell, 1977) , and Vernier acuity as well as spatial distortion (Sireteanu et al., 1993) , abnormal spatial interactions , impaired contour detection (Kovács et al., 2000) , deficiencies in stereopsis (Wallace et al., 2011) , and more generally, global processing of form and motion (Aaen-Stockdale and Hess, 2008; Constantinescu et al., 2005; Ho et al., 2005; Husk et al., 2012; Simmers et al., 2003 Simmers et al., , 2005 Simmers et al., , 2006 Simmers and Bex, 2004) . Despite some early indications that the retina may be the primary site of amblyopia (Hess, 2001) , the current unanimous opinion is that the primary site of neural loss in amblyopia is found at the level of the primary visual cortex (V1) and it is due to an atypical pattern of functional connectivity among neurones selective for orientation and spatial frequency (Polat, 1999; Polat et al., 1997) .
Amblyopia was thought to be treatable only if diagnosed within the critical period, that is before ten years of age (Epelbaum et al., 1993; Greenwald and Parks, 1999) , due to aged-diminished neural plasticity within the visual cortex that would limit any anatomical, physiological or functional changes (Berardi et al., 2003) . Nonetheless, recent studies have reported improvements beyond this period in healthy adults, related to various visual functions following perceptual training (Fiorentini and Berardi, 1981; Karni and Sagi, 1991; Poggio et al., 1992; Sagi, 2011; Schoups et al., 1995) ; suggesting neuronal plasticity at early levels of the adult visual system (Pourtois et al., 2008; Schoups et al., 2001) . Adults with normal vision can improve performance upon practice on many visual tasks, and although learning can be rather specific (to the trained task, stimulus orientation, eye, etc.; Ahissar and Hochstein, 1996; Campana and Casco, 2003; Casco et al., 2001; Fahle et al., 2005; Fiorentini and Berardi, 1981; Karni and Sagi, 1991) , under certain conditions it can generalize to untrained visual tasks or functions (Casco et al., 2014; Harris et al., 2012; Jeter et al., 2009; Maniglia et al., 2011 Maniglia et al., , 2016 Mastropasqua et al., 2015; Solgi et al., 2013) . Interestingly, the visual system of adults with amblyopia shows similar neural plasticity, thus rendering perceptual learning a useful approach for the treatment of amblyopia in adulthood. In the last two decades, marked improvements of various visual functions in adults with amblyopia, following extensive sessions of perceptual learning (PL), have been reported (Astle et al., 2011; Levi and Li, 2009; Li et al., 2005; Polat, 2009 ). According to Levi and Li (2009) and Camilleri et al. (2014a) , the task that was able to produce the largest improvement ratio on both VA and CS measurements was a contrast detection task using the lateral masking paradigm (Polat et al., 2004; Polat and Sagi, 1993) . Polat et al. (2004) obtained an improvement of contrast-detection thresholds (ranging from 2.05 to 4.23 times) and improvement in VA (78% gain, equal to 0.25 LogMAR) in adults with amblyopia; they used a training procedure based on the strengthening of facilitatory lateral interactions, by administering a contrast-detection task of a lowcontrast central Gabor patch flanked by two high-contrast Gabor patches. Despite the results obtained, the large number of sessions required (from 30 to 80 sessions) to achieve the reported improvements may lead to a high dropout rate.
Another way that has been pursued in the last years for improving visual functions in amblyopia consists in the administration of non-invasive brain stimulation (NIBS) techniques over visual areas. For instance, Thompson et al. (2008) found that a single session of repetitive transcranial magnetic stimulation (rTMS) delivered over the visual cortex temporarily increases contrast sensitivity of the amblyopic eye for high spatial frequencies. The same research group (Clavagnier et al., 2013) also reported that five sessions of inhibitory continuous thetaburst TMS produced a long-term improvement of contrast sensitivity for high spatial frequencies in the amblyopic eye. Other studies focused on the effects of transcranial direct current stimulation (tDCS), for example, a recent study by Castaño-Castaño et al. (2017) demonstrated that in rats monocularly deprived from birth, eight sessions of anodal tDCS on the visual cortex contralateral to the deprived eye produced an almost complete recovery of visual acuity. In human adults, there is evidence that a single session of anodal tDCS over the visual cortex with a concurrent contrast detection or discrimination task, produced the following effects: a) temporarily improved contrast sensitivity in the amblyopic (Ding et al., 2016; Spiegel et al., 2013a) and fellow eye (Ding et al., 2016) ; b) normalized visual cortical activation in amblyopes. In an fMRI study, Spiegel et al. (2013a) found that following anodal tDCS, the visual cortical response asymmetry in amblyopic patients, which favours the fellow eye, was reduced; c) increased early visual evoked potentials (VEPs) amplitudes, and specifically the difference between the N75 negative peak and the P100 positive peak of both amblyopic and fellow eyes (Ding et al., 2016) . Moreover, five sessions of dichoptic training with concurrent anodal tDCS over the occipital cortex produced a larger improvement of stereopsis (but not visual acuity) with respect to the same dichoptic treatment with concurrent Sham stimulation (Spiegel et al., 2013b) .
The hypothesized effect of brain stimulation on improvement of visual functions has been attributed to disinhibition of the suppressed processing of information coming from the amblyopic eye, possibly mediated by a reduction of the concentration of the inhibitory neurotransmitter GABA (Ding et al., 2016) . A reduction of GABA could also explain the boosting of learning when tDCS was coupled with a visual task (Sale et al., 2010) . In fact, a reduction of GABA following anodal tDCS has been documented with magnetic resonance spectroscopy (MRS) (Stagg et al., 2009) , and such a reduction has been shown to correlate positively with performance improvement in motor learning and correlate negatively with the change in BOLD signal in area M1 (Kim et al., 2014; Stagg et al., 2011) .
Given its potential in boosting the effects of visual training (e.g., Spiegel et al., 2013b) , NIBS could be effectively used to reduce the number of training sessions needed to obtain a longer-lasting improvement of visual functions in the amblyopic eye. A recently developed transcranial electrical brain stimulation technique delivering alternating current at random frequencies in the high-frequency range (hf-tRNS), has been shown to be the most efficacious neuromodulatory technique for enhancing and accelerating within-session perceptual learning (PL) (Fertonani et al., 2011; Pirulli et al., 2013) . In fact, several studies reported that this technique can boost PL even in normally sighted observers. For example, in a pilot study Campana et al. (2014) , used a training regime consisting of contrast detection of a central Gabor patch (target) flanked by two high contrast Gabor patches of the same spatial frequency (i.e., lateral masking paradigm; Polat et al., 2004) for just eight sessions, combined with hf-tRNS in a group of seven amblyopic patients. The results showed an improvement of mean VA of 0.18 LogMAR (53% improvement, ranging from 25% to 111%) in the trained amblyopic eye. The CSF also resulted in strong improvements following training, both in the trained amblyopic eye and in the untrained fellow eye. These results, however, do not explicitly address the contribution of hf-tRNS in such improvement of visual functions, due to the absence of a Sham control group. In light of this, in the present study, a larger sample of participants with amblyopia was recruited. Participants were randomly assigned to either the hf-tRNS or Sham group. All participants were enrolled in a behavioural training regime using the lateral masking paradigm (Campana et al., 2014; Polat et al., 2004) combined with online hf-tRNS or Sham stimulation. The training consisted of eight sessions administered in two weeks. Based on our previous findings (Campana et al., 2014) , we hypothesize that hf-tRNS can boost and accelerate the effects of perceptual learning when combined with a short perceptual training regime in adults with amblyopia. Additionally, we predict that hf-tRNS favours the transfer of learning to other non-trained visual functions including VA and CSF. To investigate the effects of online hf-tRNS on the visual system, VA and CSF were assessed for each observer before and after the training.
Methods

Apparatus
A 22-in. screen (Philips Brilliance 202P4) with resolution of 1280 × 1024 pixels and with a refresh rate of 60 Hz has been used for both the VA assessment and perceptual training. The screen luminance was calibrated by gamma correction, with γ = 1. Screen luminance was calibrated using Spyder 5 Express (Datacolor, Lawrenceville, New Jersey, USA; http://www.datacolor.com/). The luminance of the screen background was fixed at 31.5 cd/m 2 . CS was measured with a computer equipped with a VSG2/3 graphic card (Cambridge Research Systems Ltd) with 12-bit luminance resolution. Stimuli were presented on a 17-in. CRT monitor (Philips Brilliance 107 P), with resolution of 1024 × 768 pixels and a refresh rate of 70 Hz. The stimuli were generated using CRS Psycho 2.36 test (Cambridge Research Systems Ltd, Rochester, UK). The luminance of the background of this screen was fixed at 48.5 cd/m 2 and the screen luminance was kept with γ = 1. All tests and the training were carried out in a dark and silent room.
Participants
Twenty participants (mean age 44 years, ranging from 27 to 58) with amblyopia were recruited at the San Paolo Ophthalmic Centre of San Antonio Hospital (Padova, Italy) during the routine ophthalmological assessment. Amblyopia was defined as a difference in interocular VA of at least 0.1 LogMar (2/10) with VA in the amblyopic eye equal or greater than 0.1 LogMar, and with an onset that occurred in childhood. The best optical correction for each patient was assessed and provided approximately a month before enrolling in the study. In our previous pilot study (Campana et al., 2014) , seven amblyopic patients were trained. The results showed that VA significantly improved after the training with hf-tRNS. Specifically, for the trained amblyopic eye we found a significant improvement of 0.18 LogMAR between the pre-and post-training sessions. A power analysis showed that in order to get an effect size of 0.8 (i.e., large effect size) a sample of six participants could have been used. In the present study a sample of 10 participants per group was employed in order to get an effect size of~0.99 on VA.
The characteristics of each amblyopic patient are reported in Table 1 . The participants were randomly divided into two groups, ten participants for each group. Both groups underwent a short (eight sessions) contrast-detection behavioural training using the lateral masking paradigm (Polat, 2009; Polat et al., 2004) . Participants in the first group performed the training combined with online hf-tRNS whereas participants in the second group (controls), performed the same training combined with Sham stimulation. Exclusion criteria included blindness in one eye, VA below 0.1 LogMAR in the amblyopic eye, any ocular condition or cause for reduced VA other than amblyopia, myopia, presbyopia, hypermetropia and/or astigmatism; these include diabetes mellitus, pregnancy, the presence of myopia-related ocular complications and any previous ocular surgery. Exclusion criteria also included incompatibility with transcranial electrical stimulation, as assessed by a questionnaire (e.g., history of seizures, skin problems, migraine, etc.). After completing the experimental research training, participants in the Sham control group were offered the opportunity to take part in a re-training with hf-tRNS administration. In addition, all participants gave written informed consent according to the Declaration of Helsinki. This study has been approved by the local Ethics Committee (Protocol Number: 1248).
Stimuli and procedure
VA was tested before (pre-training) and after (post-training) the behavioural training using the Landolt-C test of the Freiburg Acuity and Contrast Test 3.8 (FrACT 3.8, Bach, 1996) at a viewing distance of 3 m. With the screen configuration and the viewing distance used, a pixel subtended~0.34′. The Landolt-C test consists of an orientation discrimination task, with eight possible choices corresponding to eight positions of the gap in the stimulus used. The stimulus, the letter C, remained visible on the screen until the participant's response. Landolt-C stimuli were uncrowded. The appearance of the stimulus was accompanied by an auditory signal, while a different auditory signal was used for the wrong answers. The Best PEST adaptive procedure (Pentland, 1980) was used to determine the VA threshold corresponding to 62.5% of discrimination accuracy.
Contrast sensitivity was measured before and after the training using the method of limits. In particular, we presented a vertical sinusoidal grating covering the whole screen area (21.3°× 16°) at a distance of 1.5 m from the screen using the CRS Psycho test 2.36 (Cambridge research System Ltd, Rochester, UK). In the main CSF experiment, participants were required to complete four ascending series in which the contrast of the sinusoidal grating was varied from high to low levels, and four descending series in which the contrast was varied from low to high levels. The procedure always started from a descending series, followed by alternating series.
The initial contrast of the first descending series was set on the basis of a pilot experiment and was − 16 dB for low and intermediate spatial frequencies (i.e., 0.8, 2.9 and 5.8 cycles per degree) and − 9 dB for high spatial frequencies (i.e., 9.7 and 14.5 cycles per degree).
On successive series, the starting contrast was set as the contrast threshold obtained in the previous series, plus (in descending series) or minus (in ascending series) a factor between 6 dB and 10 dB randomly chosen. Increments and decrements were equal to 2 dB. The final contrast threshold was calculated for each spatial frequency by averaging Group 1 refers to hf-tRNS group, whereas Group 2 to the Sham group. The following correction parameters are reported: sph (spherical correction), indicating the amount of lens power, in diopters, to correct nearsightedness or farsightedness (negative numbers indicate nearsightedness, positive numbers farsightedness), cyl indicates the amount of lens power for astigmatism, ax (axis, present only if there is a value for cyl), indicating the angle (in deg) of one of two major meridians where the cylindrical power is in. VA indicates initial visual acuity (in LogMAR) and CS is the initial contrast sensitivity (in (1/ Weber contrast) * 10) as measured at the St. Antonio Hospital with ETDRS and Pelli-Robson contrast sensitivity chart respectively. The last column reports the spatial frequency (in cycles per degrees; cpd) of the Gabor patches used in the experiment (see the Stimuli and Procedure section).
the contrast threshold estimated for each of the eight series. This procedure was repeated for each spatial frequency, with spatial frequencies presented sequentially starting from the lowest one. Following the pre-training tests, the participants performed eight sessions of behavioural training, four consecutive days per week for two weeks. Each session included eight blocks of maximum 60 trials each (i.e.,~5/6 min per block;~45 min per session). The stimuli used were Gabor patches, consisting of a vertical sinusoidal grating enveloped by a Gaussian window with the standard deviation (σ) equal to the sinusoidal wavelength (λ), so the size of the Gabor stimuli varied with the spatial frequency of the grating (Polat and Sagi, 1993) .
Participants were required to do a two-interval forced choice task (2IFC) which consists in pressing one of two designated keys on a standard Italian keyboard depending on whether the target appeared in the first ('Z′) or second interval ('M′) of the stimulus sequence, The contrast of the target Gabor varied depending on the participant's performance according to a 1 up / 3 down staircase (Levitt, 1971) . In both intervals, two high-contrast Gabor patches with 0.6 Michelson contrast, collinear to the target and with the same spatial frequency, were presented (i.e., flankers). Stimulus duration was 200 ms and its appearance was always accompanied by an acoustic signal (temporal cue) and a central fixation point (spatial cue). Stimuli were presented at the centre of the screen. The distance between the centre of the target and the centre of the flanker stimuli varied every two consecutive blocks. The target-to-flankers distance was measured in multiple of the sinusoidal carrier's wavelength: 1.5λ, 3λ, 4λ, and 8λ (Fig. 1A) .
Contrast thresholds were calculated averaging the last eight reversals of the staircase, corresponding to 79% of correct detection. The staircase terminated either after 60 trials or 18 reversals. The orientation of the stimulus configuration was also varied every two consecutive days of the training (0° [vertical] , 45°, 90°[horizontal] and 135°, respectively). The trained spatial frequency was chosen, for each participant, based on the cut-off performance in the pre-training CSF, that is the highest spatial frequency with contrast threshold approximately equal to 0.50 Michelson contrast (Camilleri et al., 2014b Zhou et al., 2006) . The range of trained spatial frequencies in the sample of participants ranged from 3 to 12 cpd. In addition, follow-up of VA measurements was carried out 6 months after the training, in order to verify the long-term effects of the combination of perceptual training and non-invasive electrical stimulation.
Stimulation protocol
Non-invasive electrical stimulation was delivered using a batterydriven stimulator (BrainSTIM, EMS) and two electrodes inserted into physiological saline-solution soaked sponges. The active electrode, with an area of 16 cm 2 , was placed on the occipital cortex, with the centre at 3 cm above the inion, while the reference electrode with an area of 60 cm 2 , was positioned on the participant's forehead. The electrodes were kept in place with bandages. High-frequency random noise current (ranging from 100 Hz to 600 Hz), was delivered with a current intensity of 1.5 mA and 0 mA offset. Current linearly increased in intensity up to 1.5 mA during the first 30 s of stimulation. The current density was maintained within the safety limits (i.e., below 1.0 A/m 2 ; Poreisz et al., 2007) . In order to keep the total duration of stimulation within 25 min, hf-tRNS was applied to the first 5 blocks of each training session, with each block lasting~5/6 min. During the last 3 blocks, no electric stimulation was delivered (Fertonani et al., 2011) . In the Sham group, the current linearly increased for the first 30 s up to a 1.5 mA and then decreased to 0 mA in the next 30 s. Training and stimulation protocols were set by a researcher and another researcher carried out the pre-and post-training assessments. Fig. 2 shows the CS results separately for the two groups and for the two eyes. CS data were analysed with a mixed ANOVA including Training (pre-training vs. post-training), Eye (amblyopic/trained vs. non-amblyopic/untrained) and Spatial Frequency (0.8, 2.9, 5.8, 9.7, and 14.5 cpd) as within-subjects factors, and Group (hf-tRNS vs. Sham) as the between-subjects factor. When the sphericity assumption was violated, degrees of freedom were corrected with the GreenhouseGeisser correction.
Results
Contrast sensitivity
The ANOVA did not reveal an effect of the Group (F 1,18 = 0.101, p = 0.754, η p = 0.283) suggesting that the two eyes have different CS at specific spatial frequencies. Moreover, the interaction between Training and Spatial Frequency was also significant (F 2.24, 40.41 = 3.510, p = 0.035, η 2 p = 0.163) suggesting that the enhancement of CS mainly occurred at certain spatial frequencies. To further explore the interaction between training and spatial frequency we compared prevs. post-training measurements for each spatial frequency with pairedsample t-tests and using a false discovery rate (FDR) at 0.05 for multiple comparisons (Benjamini and Hochberg, 1995; Benjamini and Yekutieli, 2001 ). Post-hoc comparisons reported a significant improvement for all the spatial frequencies employed (critical-p = 0.048).
In an additional analysis, we calculated the magnitude of CS improvement from the pre-training to the post-training sessions for each participant of the two groups (i.e., hf-tRNS and Sham), and for each eye (amblyopic/trained vs. non-amblyopic/untrained). Following Zhou After an initial fixation of 1 s, two temporal intervals were presented. In the first interval (200 ms), the target is flanked above and below by two high-contrast Gabor patches of the same frequency and at a target-to-flankers distance of 3λ. After a delay of 500 ms, a second interval is presented and contained only the flankers. The task was to detect in which of the two temporal intervals was presented the target patch. The Gabor patches represented have a spatial frequency of 3 cpd. The contrast of the central patch (i.e., the target) has been increased for demonstrative purposes. Fig. 3 reports the CS improvement in dB and Table 2 the percentage increment. A mixed ANOVA on the magnitude of CS improvements and including as within-subjects factors the Eye (trained vs. untrained) and Spatial Frequency, and as a between-subject factors the two groups (hftRNS vs. Sham), did not reveal any significant effect or interaction. The same analysis was performed on the percentage of CS increments (Table 1) and did not reveal any significant effect or interaction. These results suggest that hf-tRNS during the training sessions did not further improve CS, if compared with the Sham group. However, there was a general effect of the perceptual learning that generalized to the untrained eye and was similar in both groups (Fig. 3) . Fig. 4 shows the results for VA. In order to assess whether the two groups (hf-tRNS and Sham) had any difference in VA impairment before the training, we performed a mixed ANOVA including Group (hf-tRNS vs. Sham) as a between-subjects factor and Eye (amblyopic vs. nonamblyopic) as a within-subjects factor. The ANOVA did not reveal any Percentage CS increment (SEM in %) for the two groups (hf-tRNS and Sham) and for the trained and untrained eyes.
Visual acuity
significant difference between the two groups (F 1,18 =1.06, p = 0.317, η 2 p = 0.056), nor any significant interaction between Group and Eye (F 1,18 = 0.836, p = 0.373, η 2 p = 0.044), confirming that the two groups had similar VA before training.
Another mixed ANOVA was used to compare pre-and post-training measurements of VA including as a between-subjects factor the Group and as within-subjects factors Training (pre-vs. post-training) and Eye (trained vs. untrained). A significant interaction between Training and Group (F 1,18 = 6.445, p = 0.021, η 2 p = 0.264) indicated that the groups differed in their pre-vs. post-training VA measurements. In order to understand how each group improved VA, we performed a further analysis separately for each group.
For the hf-tRNS group, a repeated-measures ANOVA including as within-subjects factors Eye (trained vs. untrained) and Training (pretraining, post-training and follow up), revealed a significant difference between the trained and the untrained eye (F 1,18 =34.831, p = 0.0001, η 2 p = 0.795), due to the obvious VA difference between the amblyopic eye and the non-amblyopic eye. Pre-and post-training measurements were significantly different (F 2,18 = 28.921, p = 0.0001, η 2 p = 0.763), with no significant interaction between Training and Eye (F 2,18 = 2.026, p = 0.161, η 2 p =0.184), indicating a similar improvement in both trained and untrained eyes. Post-hoc t-tests using an FDR at 0.05 and pooling data from the two eyes, showed a significant difference between pre-and post-training in the hf-tRNS group (t 9 = 7.187, p = 0.0001) and a significant difference between pre-training and follow-up (t 9 = 5.408, p = 0.001), indicating that VA improvement was maintained after six months (Fig. 4A) . The overall mean improvement at post-training was equal to 0.193 LogMAR for the amblyopic eye, and 0.114 LogMAR for the non-amblyopic eye. Additionally, a power analysis performed on the hf-tRNS group, for the trained eye and between the pre and post-training sessions, reported a power of~0.99.
For the Sham group, we performed a repeated-measures ANOVA including as within-subjects factors Eye (trained vs. untrained) and Training (pre-vs. post-training) . No significant difference was found between pre-and post-training measurements (F 1,9 = 1.156, p = 0.310, η 2 p = 0.114), indicating no VA improvement in the Sham group (Fig. 4B) .
As showed in Fig. 4 , there seems to be a difference between the baseline VA for the two groups (i.e., pre-training VA measures for both the trained and untrained eyes of the tRNS group look higher than those of the Sham group, though these differences are not statistically significant: VA pre-training trained eye tRNS vs. VA pre-training trained eye Sham: t 18 = 1.36, p = 0.191, Cohen's d = 0.61; VA pre-training untrained eye tRNS vs. VA pre-training untrained eye Sham: t 18 = 0.25, p = 0.80, Cohen's d = 0.11). However, these differences in baseline VA measures and the fact that the post-training VA for the trained eye of both groups is the approximately the same (~0.3 LogMAR), may question the efficacy of online hf-tRNS during perceptual learning. In order to assess whether there was an actual improvement in the tRNS group due to electrical stimulation, we calculated the difference between post-and pre-training logMAR VA for the trained and untrained eyes for each group. This should give a measure of the relative improvement of both the trained and untrained eyes for the two groups. Values below zero indicate better VA in the post-training section (i.e., lower logMAR VA measure in the post-training sessions), values above zero indicate worse VA in the post-training section (i.e., higher logMAR VA measure in the post-training session), and zero indicates no modulation. For the tRNS group, the mean difference for the trained eye was − 0.193 (SEM: 0.022), whereas for the untrained eye was − 0.114 (SEM: 0.0259). For the Sham group, the mean difference for the trained eye was − 0.068 (SEM: 0.052), whereas for the untrained eye was − 0.015 (SEM: 0.037). A mixed ANOVA on the differences between post-and pre-training logMAR VA measures and including as a between-subjects factor the Group (tRNS vs. Sham) and as a within-subjects factor the Eye (trained vs. untrained), revealed a significant effect of the Group (F 1,18 = 6,44, p = 0.021, η 2 p = 0.26), a significant effect of the Eye (F 1,18 = 5,74, p = 0.028, η 2 p = 0.24), but not a significant interaction between Group and Eye (F 1,18 = 0,22, p = 0.64, η 2 p = 0.012). We then performed a paired-sample t-test separately for each group in order to test for differences between the trained and untrained eyes. For the tRNS group there was in fact a significant difference between the trained and the untrained eye, with higher improvement for the trained eye (t 9 = −2.76, p = 0.022, Cohen's d = 0.87). On the other hand, for the Sham group there was not a significant difference between the trained eye and the untrained eye (t 9 = −1.26, p = 0.29, Cohen's d = 0.36). These results suggest that hf-tRNS improved VA in the stimulation group and mainly for the trained eye.
For the hf-tRNS group, we also calculated individually for each participant and for both trained and untrained eye, an index of retention of improvement in VA after six months. The retention index (R I ) 
An R I of 100% indicates a full retention of the VA improvement following perceptual training, while an R I lower or greater than 100% indicates loss or further improvement of VA after the post-training measurement. An R I of 0% indicates no retention of VA improvement. The R I calculated for the trained eye was 98% (SEM: 13.9%), whereas the R I calculated for the untrained eye was 116.5% (SEM: 34.02%). A paired-sample t-test reported that the R I for trained eye and the R I for the untrained eye were not significantly different (t 9 = −0.625, p = 0.55), suggesting a similar retention of perceptual training effects in both eyes. Additionally, R I s calculated for the trained and untrained eyes were not significantly different from 100% (t 9 = −0.145, p = 0.89, t 9 = 0.49, p = 0.64 for trained and untrained eye, respectively), suggesting an almost full retention of the VA improvement after perceptual training.
Discussion
In this study, amblyopic participants performed a short (8 sessions) monocular perceptual training. The training consisted of a visual contrast detection task (using the lateral masking parading) in combination with non-invasive hf-tRNS. One group of amblyopic participants underwent online hf-tRNS, whereas the group performed the same perceptual training but with Sham (control) stimulation. The results demonstrated that the perceptual training was able to improve CS in amblyopic adults, though the improvements obtained was slightly lower than those reported in previous studies that used several training sessions (e.g., see Polat et al., 2004) . Such enhancement of CS occurred both in the amblyopic/trained eye and in the non-amblyopic eye (patched during treatment) of both groups, and for all the spatial frequencies tested. Contrary to our expectations, hf-tRNS does not seem to enhance the effect of the perceptual training on CS, however from Fig. 3A and Table 2 , the magnitude of CS increment appears to be higher in the hf-tRNS group than in the Sham group and specific for the trained eye. Another important finding pertaining to CS, is despite the fact that we trained a single spatial frequency, we obtained an improvement for all the spatial frequencies tested, indicating that PL generalizes to untrained spatial frequencies, as found in previous studies where contrast detection was trained (Casco et al., 2014; Huang et al., 2008; Polat et al., 2004; Zhou et al., 2006) .
For what concerns VA, only the hf-tRNS group showed an improvement in both eyes. Mean improvements were of 0.19 LogMAR for the amblyopic eye and 0.11 LogMAR for the non-amblyopic eye. The absence of any significant difference between pre-and post-training in the Sham group might suggest that hf-tRNS is able to increase the transfer of perceptual learning to untrained visual functions such as VA. Moreover, we found that the VA improvement of almost two LogMAR lines obtained in the hf-tRNS group was maintained six months after the training (follow-up). Therefore, the combination of training with a lateral masking paradigm (Polat et al., 2004; Polat and Sagi, 1993) and concurrent hf-tRNS has a long-lasting effect on VA. This improvement is likely to reflect neural plasticity in the visual system of adults with amblyopia. Other studies have given evidence for this plasticity in adults with amblyopia and have demonstrated how a trained task can transfer to other related untrained tasks (Campana et al., 2014; Chung et al., 2008; Huang et al., 2008; Levi et al., 1997; Levi, 2005; Levi and Polat, 1996; Li et al., 2005; Polat, 2009; Polat et al., 2004; Zhou et al., 2006) . For example, Polat and colleagues (2004) showed that VA improved after training in a very different and more basic task (contrast detection); the improvement in a higher-level type of task (VA) might depend on the improved quality of the low-level visual representation due to the practiced stimulus specific for early visual process.
Furthermore, Huang and colleagues (Huang et al., 2008) found that training in a grating detection task at their cut-off spatial frequencies improved not just CS at the trained frequency but also improved VA in the trained amblyopic eyes, and CSF in the untrained fellow eye.
All these results indicate that the distorted pattern of visuospatial functions typically observed in amblyopia, depending on the early visual impairment experience and the resulting physiological abnormalities in V1 (Ciuffreda et al., 1991) , can be modified through perceptual learning. The improvements achieved are due to the neural plasticity of the primary visual cortex, which is maintained even in an adult visual system (Gilbert et al., 2009 ). In particular, it can be hypothesized that CS improvements are due to a weakening of inhibitory lateral interactions between V1 neurons tuned to specific orientations and spatial frequencies (Polat, 1999; Polat et al., 2004) , with a consequent decrease of interocular suppression (Harrad, 1996) . Another possible mechanism is the strengthening of interactions between binocular neurons of the visual cortex that are suppressed in the amblyopia (Hess et al., 2011) . In addition, it should be noted that there was a different rate of transfer of PL to VA in the two groups: while the Sham group did not show any significant improvement, the tRNS group gained VA improvements both in the amblyopic/trained eye and in the non-amblyopic/untrained eye. The transfer of improvement to a different task (VA) suggests that the benefits of the training on early vision processing may reflect hierarchically higher visual processing levels, which in turn depend on the quality of the lower-level visual representations (Polat et al., 2004) .
What is the role of hf-tRNS? It has been demonstrated that applying hf-tRNS on the occipital pole of healthy subjects improved orientation discrimination when combined with PL (Fertonani et al., 2011) . Additionally, the improvement observed with hf-tRNS was higher than that reported when PL was combined with other electrical stimulation techniques (e.g., low-frequency tRNS, anodal-tDCS, cathodal-tDCS) (Fertonani et al., 2011) . The use of a concurrent task has been previously used for modulating the effects of brain stimulation, both in basic and clinical research (Romei et al., 2016) . For example, anodal tDCS has been successfully used in combination with Vision Restoration Therapy (VRT) in a patient with hemianopia to increase the suboptimal level of activity of neurons in the damaged visual cortex (Plow et al., 2011) . In our case, hf-tRNS could have increased the activity of inhibited monocular neurons tuned to specific orientations and spatial frequencies. However, the mechanisms through which hf-tRNS promotes neural plasticity at the level of the visual cortex are still debated. It has been hypothesized that online hf-tRNS could induce a temporal summation of weak depolarizing currents. This would induce a synaptic enhancement of neurons in the striate cortex and a consequent facilitation of the perceptual task (Fertonani et al., 2011; Terney et al., 2008) . Therefore, repeatedly stimulating cortical neurons under their response threshold, hf-tRNS could prevent the homeostasis of the system and could potentially strengthen the neural activity dependent on the specific task performed. According to recent models, facilitatory versus inhibitory effects of brain stimulation would depend on both the initial level of neural activation and the intensity of the stimulation. A weak stimulation, as that induced by hf-tRNS, could increase the firing rate of neurons with higher excitability because tuned to the target stimulus Silvanto and Cattaneo, 2017) . Therefore, the neural noise induced by hf-RNS may have enhanced the weak response of neurons receiving input from the amblyopic eye during training. This phenomenon is known as stochastic resonance (SR). SR is a nonlinear phenomenon whereby the addition of a random activity (or noise) can enhance the detection of a weak signal. An optimal amount of noise would result in a maximum enhancement, on the other hand, further increasing the noise intensity would degrade the detectability or information content of a specific stimulus. Therefore, if a certain stimulus is below detection threshold and never crosses it, such a stimulus is obviously undetectable. This might occur because the stimulus is weak and/or because the neurons tuned to the stimulus are scarcely excitable; in the present case, both conditions occurred: stimuli were at threshold level and patients were trained with their amblyopic eye. However, when noise is added to a weak signal, threshold crossing may occur with greater probability Schwarzkopf et al., 2011; Van der Groen and Wenderoth, 2016; Ward et al., 2006) . The random activity introduced by hf-tRNS may also increase synchronization of neural firing through the amplification of (subthreshold) oscillatory activity of neurons (Ward, 2009) in the striate and extrastriate areas (e.g., V2) involved in contrast detection during PL. As a consequence, neural synchronization may activate more neurons responding to the target, thus increasing target detectability. This phenomenon is known as neural synchronization mediated by stochastic resonance (Ward, 2009) .
On the other hand, our results did not show a significant difference between the hf-tRNS and Sham groups for the CS function. The fact that a significant VA improvement was obtained in the hf-tRNS group only, whereas CS improved in both hf-tRNS and Sham group, might suggest that hf-tRNS is useful to boost the transfer of perceptual learning to untrained visual tasks. A possible explanation of this result could rely on the effect of hf-tRNS in limiting sensory adaptation. In fact, as found by Harris et al. (2012) and Harris and Sagi (2015) , generalization of perceptual learning can be obtained by introducing "dummy" trials with task-irrelevant stimuli counteracting sensory adaptation. According to this view, perceptual learning would involve a low-level visual network that processes simple stimulus features and a higherlevel readout network used to learn how to perform the task on the basis of the output of the low-level network (Harris et al., 2012; Harris and Sagi, 2015) . Sensory adaptation occurring during training could hinder learning at the level of the low-level network, so that the readout higher-level network will not be able to successfully apply the experience previously gained to new conditions (transfer) (Harris and Sagi, 2015) . In fact, Campana et al. (2016) showed that the application of online hf-tRNS over the medio-temporal area (V5/MT; a visual area involved in the processing of moving stimuli: Zeki, 2015) diminished the perceived duration of the motion after-effect. In this study hf-tRNS over early visual areas could have reduced sensory adaptation to spatial contrast, thus allowing transfer of perceptual learning to the untrained VA.
It can be also hypothesized that the administration of eight sessions of hf-tRNS alone is able to improve VA by enhancing the neural processing of information. In line with this explanation it is unclear why this benefit occurs just in VA, a task not trained, and it does not occur for CS that may take advantage from the training itself. On the other hand, it could be the strength of CS training itself enough powerful not to benefits from hf-tRNS. Although eight sessions of hf-tRNS alone were not effective in improving VA in participants with mild myopia (whereas hf-tRNS combined with a contrast detection training were effective: Camilleri et al., 2016) , it would be interesting to investigate the effects of eight sessions of hf-tRNS in adults with amblyopia in a future study.
In conclusion, the results of this study showed that short perceptual learning regimes with a lateral masking paradigm can improve CSF and VA in amblyopic patients. The effects of hf-tRNS are non-homogeneous across the tasks used in this study, however, it seems that hf-tRNS can promote the transfer of perceptual learning to untrained visual functions, and mainly for VA. More experiments, possibly involving larger samples, are necessary to fully understand the efficacy of hf-tRNS in boosting the perceptual learning and promoting generalization to other visual tasks in patients with amblyopia.
